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Abstract 

Measurements of the rate of growth of 
sea salt particles have been made when the par- 
ticle is shifted from aa environment of dry air 
to one of relative humidity batwaan 60 end 100 
peroent. For particles ranging from 10~9 to 2xl0"5 

grams mass, agreemunt is found with growth times 
predioted by an equation which principally differs 
from previous derivations in that empirical vapor 
pressure data are utilized. The growth time is 
observed to be independent of ventilation at air 
speeds less than 30-40 centimeters per second. 

The growth equation was reintegrated un- 
der variable humidity and temperature conditions 
corresponding to rates of rise observed in the at- 
mosphere.  The ourves thus obtained approximately 
trace the growth of sea salt partioles rising from 
the sea surface to oloud base. 
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I    Introduction: 

•oourate information about the growth of mioro- 

aooplo sea salt partiol©a by condensation of water vapor 

is necessary for the evaluation of the role of these par- 

ticles in the formation of clouds, rain, and fog. Conden- 

sational growth has been the subject of theroetical inves- 

tigations by Howell (1949)* Kraus and Smith (1949), Squires 

(1952), Best (1953), and others.  In these investigations, 

the use of Baoult's law, and of various other approximations, 

made the aoouraoy of the resulting growth calculations doubt- 

ful. 

Sinoe Woodoook (1949, 1952) has demonstrated the 
—8     —12 

presence of large sea salt nuclei (10  to 10  grams) in 

the atmosphere, and sinoe his subsequent investigations in- 

dicate that these nuolei may possibly play a dominant role 

in the mechanism of rain production in warm olouds, it was 

felt that a oareful experimental and theoretical investiga- 

tion of the growth of droplets formed on auoh nuolei was de- 

sirable. The application of the derived growth equation un- 

1 der variable temperature and humidity conditions was also 

considered, sc that a droplet size apeotrum in sub-oloud 

regione may be obtained from the resultant growth curves and 

from Woodcock's (1949, 1952) salt particle distributions. 

I  _        III  The growth equation: 

In previous investigations, Howell (1949) and 

-13 
others were oonoerned with nuolei having masses of 10   to 

-20 
10   grams which were growing in an atmosphere super- 
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saturated with water vapor.  With suoh anall partioles, 

the effeot of surface tension on the droplet vapor pres- 

sure was of the same or greater magnitude than the lower- 

ing caused by dissolved salts. For droplets of the size . 

with which we are here oonoerned, surface tension effects 

are negligible, and the humidity range of interest is that 

below 100)1.  During muoh of its growth, the droplet con- 

sists of a concentrated solution of sea salt for which the 

vapor pressure deviates appreciably from that given by 

Raoult's law.  For this reason, the recently reported vapor 

pressure measurements of Arons and Xientzler (1953) have 

been empirically incorporated in the theoretical part of 

our Investigation. 

If a sea salt particle is introduced into an 

atmosphere of sufficiently high relative humidity, the par- 

ticle will grow to a droplet by condensation of water vapor. 

Growth will oontinue until an equilibrium size is reached, 

when the droplet vapor pressure is equal to that of water in 

the surrounding atmosphere.  The growth rate depends primar- 

ily upon the vapor pressure gradient between the droplet 

surface and ambient air.  This gradient determines the rate 

of vapor diffusion to the saline surface of the droplet, and 

consequently the rate of condensation.  The heat liberated 

by condensation is initially stored in the droplet, hence el- 

evating its temperature.  This has the dual effeot of reducing 

the vapor gradient and allowing heat conduction away from the 

! 
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droplet. la the following derivation it is assumed that 

a ateadj state condition in whioh the vapor and thermal 

gradients are interdependent ia rapidly obtained. It la 

alao assumed that the classical lava of diffusion and heat 

conduction apply to these droplets. Howell (1949) has dis- 

oussed the limits of applicability of these laws and con- 

cludes that kinetic theory correction need not be made far 

droplets of radius greater than 6-8 miorona. 

It is farther assumed that the effect of other 

droplets upon the gradients around a given droplet is neg- 

ligible, and that mass divergence is also negligible in 

the initial transport equations.  These have alao been con- 

aider ed by Langmulr (1944) and Howell (1949),  and found to 

be reasonable assumptions. 

The well known rate equations are: 

2fL = time rate of mass transport        /„'i2fd/>"| 
ot  of water vapor to the droplet = ^TTP(KJ [^'J      (D 

22' = time rate of heat transport        . ntrATl 
Ot      away from the droplet       * H-irk(K) 1%%} (2) 

•rffr * time rate of heat storage Ar  j-r 
dt  in the droplet » mCp J£ dr ^J 

1 
See Appendix I for a liat of the symbols used 
throughout this report. 

i 
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Integration of (1) and (2) ovar spaoe leads to 

the usual expressions for tha thermal and vapor density 

gradients between r, the droplet radius, and a point infi- 

nitely removed from r.  It is also assumed that all the 

vapor whioh diffuses to the droplet is condensed thereon, 

i.e., that the accommodation ooeffioient is unity. Substi- 

tution of the thermal and vapor gradients in the above 

equations leads to the heat and vapor balance equation, 

LD^,-^) = (k*-^c,»-dr)(T-T,) . U) 

The vapor transport equation (1) may be trans- 

formed into the well known form whioh gives the time rate 

of change to  droplet radius in terms of the vapor density 

gradient, 

r 

The Clapeyron equation, in its integrated form, 

can be used to describe the variation of droplet vapor 

pressure, p, with droplet temperature, T: 

5 
i 

Combination of this with (4), and oonveraion of 

vapor density to vapor pressure by means of the ideal gas 

law yields 
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Sinoe the pressure and temperature differences 

are small, equation (7) may be approximated by: 

f = f»[l-t-^(T-Tl)] (8) 

an expression for T in terms of T and r"j£ is obtained. 

T =  T«' Oft (9) 

* a 1 • ^P^ 3k 3t 

Substitution of (8) and (9) for P and T in the 

seoond term of (6) yieldsr 

which, upon rearrangement and solution of the resulting 

quadratic equation gives: 

_ Or"        ti / - t ,-  ,  I.  I  . 4.  - - I • ;   r • 

where 

: 
By rearranging the first and last terms of (6), 
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Examination of (11) shows that C(p) is positive 

during droplet growth beoauso of the positive vapor press- 

ure gradient necessary for growth.  Evaluation of the ex- 

pression __£  shows that the seoond term of B(p) is 

approximately 16 times the leading term, henoe B(p) is in- 

herently negative.  Since ftfL   must be positive for growth 

to oocur, the negative branch of (11) is the one having 

physical significance in the present problem. 

Sinoe p is defined as the ambient vapor pressure, 

it is equal to the product of the relative humidity and the 

saturation vapor pressure, p .  The vapor pressure of the 

droplet at the ambient temperature, p2, can be considered as 

the difference between p and the vapor pressure lowering, 

Ap.  The vapor pressure lowering is, of course, a function of 

temperature and the concentration of the droplet. 

Droplet concentration is thus indirectly introduced 

into (11), and sinoe this is conveniently expressed in terms 

of the weight of salt per weight of solution, it would gener- 

alize (11) to introduce in place of r a concentration variable. 

This :<rould remove any explioit dependence upon partiole weight 

from the growth equation. Such a variable is the "scaled- 

radius , A 
rm* (12) 

and this requires the further substitution of a "soaled" time, 

(13) 

i 
\ 
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in place of t so that 

With these changes equation (11) assumes the 

form 

where 

let quickly reaches a salinity equivalent to that of a com- 

pletely mixed droplet. At any early stage in the experimen- 

tal work, disagreement between calculated and experimental 

Evaluation of the terms on the right hand side of equation 
* 

(15) shows that the seoond term is less than .05 percent of the 
- 

leading term. Sinoe Arons and Eientzler (1953) estimate a 2% 
• 

error in the vapor pressure data, equation (15) can be suffi- 

ciently well approximated as 

I  V  0-1      l161 

An important assumption contained in the fore- 

going development is that the water condensed upon the drop- 



i 
growth times led to the investigation of the possibility 

that outward salt diffusion might be the controlling fao- 

tor in growth.  A theoretical treatment of this situation 

revealed, however, that times of the order of several 

milliseconds were sufficient for molecular diffusion to pro- 

duce essentially complete homogeneity within the droplet. 

Internal salt diffusion was therefore ruled out as a con- 

trolling factor in droplet growth, since actual growth 

time3 were known to be of the order of tens of seconds. 

Before proceeding further with the development 

of the growth equation, it is necessary to formulate an 

empirical vapor pressure equation for Ap(0*). (T is given 

in terms of the density and concentration of the solution 

by the following relation: 

• te (' • *)? V* ? 
In  (17)   the mass of water, m , equals 1000-1.805 Cl, and 

the mass of salt, m , equals 1.805 Cl,  the  chlorinity  units 
8 

being parts per thousand.  Arons and Kientzler's (1953) 

smoothed vapor pressure data are plotted against 0"in Fig. 

1, and the following empirical representation is obtained: 

Af(<r) =. :i*4 p, er'3,38 (18) 

1 
Unfortunately,  the non-integral power of (y in 

Ap( <T)  prohibits analytical integration of (16)  at any value 

m 
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Pig. 1.    Kientsler and Irons' rapor pressure lowering a for eea 

salt solutions presented as a function of sigaa (<T- 
ra. -1/3).    The lines are calculated by the equation 

Ap(fr) - ,U*6 pft0T-3.35 



(20) 

where 
-/ 

to values of A milch are relatively insensitive to ohanges 

in p.  Far example, at 25°C, p oan vary from 19 to 24 milli- 

meters of mercury which amounts to a variation in A of - 0.7£ 

about the mean.  However, A ia quite temperature sensitive, 

as is shown in the following Table. 

S 
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of the humidity, H, besides 1.0. At this value the 

integration yields the expression? 

«te * ** • *!)'""- ** •*• *'c"" 

Since it is necessary to integrate the growth 

equation numerically at other humidities, further sim- 

plification of (16) is desirable in order to reduce the 

labor involved.  The difference between Hp and p - Ap(0") 

ia normally small, hence it is convenient to introduce: 

u"£_- Sf[(H-.)P,+ Af>«r/][?]-' * 
where p * the mean of the ambient and droplet vapor press- 

ures.    Also,  by ignoring the heat storage within the drop- 
- 

let and calling the ratios of Hp / p and p -£p( <T\ / p 
o       o 

I 

f 

Substitution of values of the indicated constants leads 
i 

\ 

* 

i 
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Table 1 

duoed. Before comparison of (16), the more ezaot form, 

with (20), it is necessary to define the limits of inte- 

gration. 

Comparison of values obtained by 

OS 

1 
I 

Values of the factor A in equation (20) 
at various temperatures 

T*Q A (/u2 seo"1) 

0 55 
10 83 
20 114 
30 143 

Equation (20) is essentially the same as Howell*s 

(1949),  except that surface tension effeots have been 
I 

neglected and an empirical vapor pressure function Intro- 

1 
! 

i 

i 
The upper limit of 9*,  or its equilibrium value, 

is defined by both equations (16) and (20).  In each equa- 

tion, the right hand side approaches zero as . 1460" * 

approaches 1-H, henoe & approaches infinity asymptotically. 
\ 

%        Kl-HJ i I 
with those calculated by the formula developed by Wright 

(1936) reveals that his values are from 3 to 14)1 greater 

than those computed by (21).  The reason for this discre- 

pancy is oontained in Wright's (1936) use of a constant 

"hydroscopic factor" in Eaoult's law.  McDonald (1953) has 

discussed the use of such factors which aocount for the i 
\ 

% 
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ionic oharaoter of salt solutions, and hs demonstrates that 

considerable error may be introduoed either by negleoting 

them entirely or by not considering their variation with 

concentration. Comparison of the vapor pressure lowerings 

of sea salt solutions with those of sodium ohloride solutions 
> 

reveals that the former exhibit greater deviations from 
- 

an ideal completely dissociated solution, i.e. the Bjerrum 

g faotor is lower over the whole concentration range.  This 

is undoubtedly caused by the complex nature of solutions of 

sea salt, which contains both monovalent and divalent ions. 

Since growth originates with a solid particle, 

and (18) only applies to solutions, an additional vapor 

pressure function must be derived for the initial period of 

growth from particle to saturated solution. Unfortunately, 

data on the vapor pressures over moist sea salt is unavail- 

able, and a reasonable approximation must be employed.  Data 

reported by Thompson (1932) on the composition of salts 

deposited by evaporation of sea water shows that the final 

salt orystalized is bisohoflte (MgCl .6 H 0).  It is there- 

fore to be expected that the first water condensed upon a 

dessioated sea salt particle will form a film of solution 

saturated with magnesium ohloride.  For the purposes of 

this development it is assumed that, during orystal growth, 

the vapor pressure rises linearly from that above a saturated 

magnesium ohloride solution to that above a saturated, sea 

salt solution. 
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Calculation of the values of 0" TOT  the oryetal 

and saturated droplet is also necessary. Arons and 

Eientzler (1953) found that a chlorinity of 156 parts per 

thousand corresponds to saturation at 25*C. This inform" 

ation, when combined with density data from Higashi (1931) 

in equation (17) leads to a value of 0.90 microns 

-1/3 
(mioromiorograms)  '  for a saturated droplet.  Sigma for 

the orystal is computed from the density and weight of 

hydrated water by equation (17).  The density of sea salt 

can be computed from the weights and densities of the salts 

present in the mixture.  This is accomplished by calculation 

of the relative weight and volume of each salt present and 

by division of the total weight by total volume of salts. 

Using the data reported by Thompson, a value of 2.06 grams 

per cubio centimeter is obtained.  The value of CT calculated 
-1/3 

from this density is 0.50 microns (micromiorograms)   . 

The International Critical Tables give 33% as the value of 

relative humidity over saturated HgCl solution.  Making 

use of equation (18) and the values of (T estimated above, 

one obtains the following expression for the vapor pressure 

during the change from orystal to saturated sea salt solution, 

i.e. for the range 0.50^ J*<.90r 

AfM = -pQ(l'*5 -\.\leCr) (22) 

Substitution of (22) into (16), evaluation of the constants, 

and integration, result in the following equation, whioh 
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gires the soaled time, 2^ , for growth to a saturated sea 

salt solution at 2$°C. 

rc , (.oci»+.oo«H^-.**-fH+.t«)ln^a]-.doi7 

Values of fecomputed by (23) are listed in Table II. 

Table II 

Scaled time for growth of sea salt particles 
to droplets of saturated solution as a 

function of relative humidity. 
T' « 25*C 

(23) 

t«- -2/3 
•o #a«o (/*/« gm) 

.85 

.90 

.92 

.94 

.96 

.98 

.99 
1.0 

.0077 

.0057 

.0052 

.0048 

.0044 

.0041 

.0040 

.0038 

The numerical integration of the growth equations 

(16) and (20) was performed by the usual trapezoidal area 

b(F       ACT 
method. By substitution of -r for T* in (16) and (20) and 

choioe of a suitably small increment A a* (.01 - .05 miorons 

(micro mi orogr ams) ~x / J), Af was obtained from the mean value 

of f*£ in the interval A r.    The sum of the preoeding incre- 

ments, AT , gave the value off for a given or.    The results 

of these integrations are presented in Tables III and IY, 

and Figs. 2 and 3. 
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Comparison of equation (19) with equation (20) at H * 1.0 

(excluding ?« for growth of crystal) 

.9      0 ° 

T,»ert . 

0 

tUo) 
V*La 

0 " 

t(u) 
T.'fcfc.t 

0 

1.0      .0036 .0039 .0035 .0045 

1.2      .0184 .0196 .0176 .0222 

1.4     .0501 .0525 .0471 .0595 

1.6     .111 .114 .103 .130 

1.8      .215 .222 .199 .252 

2.0      .384 .396 .355 .449 

2.2      .648 .665 .596 .754 

The close agreement between the results obtained 

with equations (19) and (20) justifies the use of the 

simplified form, equation (20), in subsequent oaloulations. 
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Table IV 

-2/3 
Values of Z  seo ( M/A. gm)    for growth of sea w^ 
salt particles to selected values of O* M,M/*-&a) 
at selected humitities ; T.« 25°.  All values 

computed by equation (20) 

<r Relative Humidity 

*8£ *22 *31 *2it *2£ ^8 i21 1.0 

.90 .0077 .0057 .0052 .0048 .0044 .0041 .0040 . 0038 

.92 .0101 .0069 .0062 .0057 .0052 

.94 .0136 .0084 .0074 .0067 .0061 
m no ArtOd • wvuu ftftf»rt 

• \J\J 1 V 

.98 .0316 .0123 .0104 .0092 .0082 
1.00 .0150 .0124 .0107 .0C94 .0085 .0081 .0077 
1.05 .0256 .0190 .0157 .0134 .0120 .0111 .0105 
1.10 .0560 .0302 .0227 .0186 .0162 .0149 .0140 
1.15 .0535 .0337 .0257 .0216 .0196 .0182 
1.20 .0510 .0353 .0283 .0255 .0234 
1.25 .0854 .0488 .0368 .0326 .0296 
1.30 .323 .0676 .0475 .0414 .0370 
1.35 .0975 .0610 .518 .0459 
1.40 .150 .0782 .0645 .0563 
1.45 .314 .100 .0802 .0685 
1.50 .129 .0992 .0827 
1.55 .167 .122 .0992 
1.60 .218 .150 .118 
1.65 .291 184 .140 
1.70 .400 .224 .165 
1.75 .603 .274 .193 
1.80 1,32 - #"• * * ,225 
1.85 .410 .262 
1.90 .504 .303 
1.95 .624 .348 
2.00 .782 .399 
2.05 1.00 .457 
2.10 1.32 .520 
2.15 1.85 .591 
2.20 

- 
3.35 .669 
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III Measurement of growth rates 

To test the validity of the derived growth equa- 

tions, it was necessary to observe the size of a growing 

sea salt partiole as a function of time under known con- 

ditions.  The prlnoipal oondition was that the relative hu- 

midity be changed nearly discontinuous^ from a value below 

78% where the nucleus is essentially a dry orystal to a con- 

stant measurable value above 78%, which will cause growth. 

Also, it was necessary that a constant temperature and air 1 
i' 

flow be maintained during growth. 

A.  Apparatus 

A schematic diagram, and pictures of an apparatus 

which fulfilled these conditions, are presented in Figs. 4 

and 5.  The principal components were:  (1) a system to pro- 

vide a continuous flow of air of constant humidity; (2) 

measuring units consisting of a flowmeter and psychrometer; 

(3^ a microscope and special stage to permit observation of 

the growing particle. 

(1) Basically the humidity system was of the divi- 

ded flow type outlined by Wezler and Brombaoher (1951).  The 

desired humidity was obtained by recombination of a divided 

air stream, one portion of which was saturated, and the other 

dessioated.  The humidity was controlled by adjustment of the 

relative flow in the two branches by means of a needle valve 

in the dry branch. 

A pumped stream of room air, which had been filtered 

and dropped to a constant pressure by the first water bubbler, 

was divided.  One part passed through a coarse sintered glass 
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fritt and rose as small bubbles through a heated column of 

water, thus beooming saturated with water vapor.  Any con- 

densed or sprayed water was removed by a trap attaohed to 

the saturator.  The other portion of the stream passed through 

the regulating needle valve and a silica gel drying tower. A 

small glass wool filter insured mixing of the reoombined air 

stream as well as removal of any silica dust.  A second bubbler 

protected the system from variations in downstream flow which 

would upset the flow balance between the wet and dry branches. 

[2\    After passing through the generating system the 

air stream normally flowed through a proportioning valve and 

nowmeter.  The proportioning valve was essentially two needle 

valves coupled together so that closure of one resulted in 

opening of the other.  Incoming air was thus divided, one part 

being exhausted into the room, the other being sent on to the 

flowmeter.  The flowmeter consisted simply of a capillary re- 

striction bridged by a manometer filled with butyl sebacate. 

At high relative humidities the pressure drop across these units 

prohibited their use, therefore a by-pass was provided. 

The construction of the next unit, the psyohrometer, 

is shown in the detail drawing in Figure 4.  This and the rest 

of the apparatus was constructed mainly of glass tubing for the 

purposes of cleanliness and low heat conduction.  The two one 

millimeter jets were necessary to insure a high velocity of a 

flow past the wet and dry thermocouple junctions.  The copper- 

oonstantan thermocouple was similar to those described by 

Powell (1936) and had essentially the same response charac- 
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teristios. An important construction detail was the use 

of silver solder at the junctions to eliminate stray electri- 

cal effects caused by hydrolysis 01 ordinary solders.  The 

wick was formed by wrapping the wet junction and one centimeter 

of each lead with #60 cotton thread.  The thermocouple leads 

were connected to a Leeds & Northrup D. C. Amplifier and 

Speedomax recorder (not shown in Figure 4).  The amplification 

was such that 100 microvolts input (81$ relative humidity at 

25*C) gave a full scale deflection. 

The psychrometer and the tubes leading to and from 

it were normally protected against r«di«tion heating by a 

thick covering of glass wool as well as an aluminum foil shield 

between it and the observer.  The outlet tube led directly 

to the microscope stage through a short length of rubber tubing. 

(31 Figure 4 also includes a detail drawing of the 

microscope and the humidity switching mechanism mounted on the 

stage.  The significant construction details were as follows: 

The altered lens system was necessary to allow a magnification 

of 625 diameters with a 1 centimeter working distance.  The 

real image formed by the 61 primary objective was vlawed and 

magnified by a fixed, shortened microscope consisting of a 10X 

objective and 1$I eyepiece.  The droplet diameter was read on 

a calibrated eyepiece reticule. 

The spider web carrying the experimental particle 

was located at the tips of the brass holding rods. Dessens 

(1947) procedure for obtaining and mounting spider webs was 

employed.  The salt particles were obtained by passing the 
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webs and holder through mist formed by atomizing Woods 

Hole sea water. 

Tapered glass tubes, (one connected to the humid 

air supply, the other to a compressed air line), were mounted 

on a slide which served as the humidity switching system. 

The extreme positions of the slide were fixed by set screws 

so that the salt particle under observation was bathed either 

by air of a known high humidity or by relatively dry air of 

30 to 40 peroent relative humidity. The size of the tubes 

(1 centimeter inside diameter) in relation to the droplet 

size (.001 - .01 om) and the proximity of the droplet to the 

mouth of the tube (approximately .08 om) insured that the 

particle was surrounded by undiluted air flowing from either 

tube almost immediately following a shift of tubes.  The 

slide and the stage adjustments were provided with long 

handles to remove local heating effects.  For the same reason, 

light from the microscope lamp was filtered through a dilute 

solution of copper sulfate. 

Prior to the development of this humidity switcher, 

a number of measurements were made with enclosed tubes contain- 

ing the droplet.  The humidity shift was obtained by flushing 

out the dry air initially present in the tube with a known 

flow of moist air. However, simplo experiments with ink 

flushing out a plug of water showed that the time necessary 

for nearly oomplete replacement was of the same magnitude as 

I 



- 21 - 

the growth time. 

The time measurement was performed by means of the 

scale marking pen of the Speedomai recorder; the initial 

mark indioated the humidity shift at the start of the run, 

and succeeding marks corresponded to diameter readings, k 

chart speed of 1 inoh per minute permitted time estimation 

to the nearest second. 

B.  Calibration of Flowmeter and Psychrometer 

| A displacement method was used to calibrate the 

flowmeter.  The time required to displace three liters of 

water by air at atmospheric pressure was measured.  The rates 

of flow thus obtained were plotted against the mean of the 
i 

flowmeter readings taken during each displacement, providing 

a calibration curve of the meter against flow in cubic centi- 

meters per second.  It was found that the average deviation 

of the mean flowmeter reading was 0.3 percent over the range 

from 2 to 18 cc/sec . 

The usual gravimetric method was used for calibra- 

tion of the psychrometer.  Three tubes, the first containing 

silica gel, and the others pumice impregnated with sulfurio 

acid, were used to absorb the vapor contained in the air 

discharged by the psychrometer, and the weight change over 

a period of 20 minutes was determined. During the absorption, 

^Woodcock (1952) report? some preliminary growth rates meas- 
ured in a chamber which was flushed with moist air.  The overly 
long growth times he obtained were probably caused by the 
inability of obtaining a disoontinous humidity change by such 
methods* 

i 
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the temperature, humidity, flow, and atmospherio pressure 

were reoorded and averages obtained.  The relative humidity 

was obtained directly from the ratio of weight of absorbed 

water per unit volume of air to that oontained in a unit 

volume of saturated air.  Comparison of the calculated values 

with those obtained from the psyohrometer indicate that the 

latter were approximately 0. y% low, 

C.  Experimental Procedure 

The derived growth equations predict that the rate 

of growth should be dependent upon three variables, mass of 

salt, humidity, and temperature. A fourth possible variable 

is the rate of air flow past the growing particle, which was 

ignored in the development of the growth equation.  The de- 

sign of the apparatus permitted the control of three of these, 

but since room air of fairly constant temperature was pumped 

through the apparatus, no attempt was made to investigate the 

temperature dependence.  The effect of each variable was in- 

vestigated independently by keeping the others nearly oonstant 

during a series of measurements. Repeated runs were made at 

low humidities to obtain a sufficient number of diameter meas- 

urements. 

The growth measurements were started when the appar- 

atus had become stabilized at a given humidity.  This was usu- 

ally achieved within an hour after starting the pump, or 

within 10 to 20 minutes following a change of needle valve 

setting.  The stability was generally excellent, in that 

humidity changes of 0.5% in a period of half an hour were 
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rare, whereas the same psyohrometer showed rapid fluctuations 

of 10 to 20 % when exposed to room air. 

The procedure for an individual run was as follows: 

(1). The initial diameter, temperature, and flow were recorded. 

(2) The slide was shifted, changing the droplet environment 

from dry to humid air, and a time mark made simultaneously. 

(3) Observations of the changing droplet diameter were made as 

rapidly as possible, with a corresponding time mark for 

each recorded diameter. 

(4) The diameter measurements were continued until it was 

certain that an equilibrium diameter had been reached. 

(5) The temperature and flow were recorded at intervals during 

the run. 

(6) The humidity and flow were obtained respectively from the 

psychrometric chart and calibration curve, and the mass of 

salt was calculated from the equilibrium diameter and humid- 

ity by the isopiestic method outlined by Woodcock (1949). 

After completion of a series of runs on a given salt 

particle, the data were averaged to obtain the best possible 

experimental value of mass of the particle, and this mean was 

used to scale the diameter and time measurements in accordance 

with equations (12) and (13). 

17   Comparison of experimental results 

The experimental results are tabulated in appendix 2, 

and plotted in Figures 6 through 9. A logarithmic time scale 

is used in these Figures to spread out scaled time values in 

the early stages of growth. 
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I 

i 

Runs 1-9, represented by the open circles of Fig, 

8, were made with a 7,900 micromiorogram particle at rates of 
i 

air flow between 7 and 15 cm/sec. Similarly, runs 10-17 were 

performed with a 16,600 mioromicrogram particle at flews be- 

tween 12 and 26 cm/sec. 

The same 16,600 mioromicrogram salt partioles was 
1 

used for runs 18 through 53. 

The final series of runs, numbers 54 through 60, 

were performed with a considerably smaller 910 micromicrogram 
! 

particle. 

The theoretical curves of Figs. 6-9 were obtained 

by graphical interpolation between those of Jig. 3. 
1 

Before discussion of the comparison between exper- z 
I 

iment and theory, it is necessary to estimate the effects of 

observational errors upon the data.  The scatter of the individ- 

ual diameter measurements was caused by the difficulty in 
'': 
J 

estimation of the changing diameter of the droplet at a given 

instant of time.  The diameters were read on a reticule with 

a calibration of 2.4 microns per scale unit.  Thus, if either 

edge is estimated to - .2 of a scale unit, the diameter is 

good to - 1 micron, which amounts to - .04 sigma units for 

the largest particle observed (16,600 mloromicrograms).  For 

a 1000 micromicrogram particle, the error of an individual 

diameter measurement increases to - ,l^u ( JU/< gm)~  . 

The psychrometer introduces another significant 

source of error.  The calibration indicates that the precision 

of a humidity measurement is - 0.5%.  The effect of this may 
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be estimated directly from Fig. 3 by interpolation between 
-.- 

the growth curves.  Errors in sigma of 2 to 6%  are possible, 

depending upon the humidity and stage of growth.  It should 

be noted in Pig. 9 that the data tends to fall near the sat- 

uration curve, although the measured humidity is from 1 to 2% 

less than saturation.  These deviations are not surprising 

since random heating, slight pressure drops, and condensation 

on the tubing walls make the attainment and maintenance of 

these high humidities difficult. 

In view of the possible errors, it is apparent that 

the agreement between experiment and theory is generally good. 

All *•   t% ** 4Af*'<lf   I    A»M m**m- f*. mm *•  U «* m tf»«M **••<*» m% Jk *» •• WW* f* « <M4» «•  4    4>   Vo 4    M A   M 4 
OAA        WUV       UWIAU WAVUO      A A Witt       WAAO       VWIU|/U VWVA       WUAVOO       OLA. %>       W9 m\ VAAJL44 |       tAUU 

usually considerably less than, the estimated limit of experi- 

mental error.  Therefore it is concluded that the approximate 

growth equation (20) satisfactorily describes the growth of 

saline particles in a humid atmosphere.  The mathematical 

approximations, neglect of heat storage effects, and use of 

macroscopic diffusion and heat conduction coefficients are 

valid.  However, the 3 to 14$ difference between the equilib- 

rium scaled radii of equation (21} and those computed by 

Wright's (1936) formula indicate that the use of a Raoult's 

law vapor pressure dependence in earlier work led to signifi- 

cant error. 

The effect of ventilation was investigated in two 

series, runs 1-9 and 10-17.  In both series separate runs 

were made with the same particle and humidity, but with 

different rates of flow.  There is no observable variation 
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in growth rate over the range of flows measured (7 to 26 om. 

seo  ). Below the velocity of 7 om. seo" there were indic- 

ations of a slower rate of growth. However, it is believed 

that this was due principally to the increased time neoessary 

for changing the droplet surroundings. Similarly, this effeot 

prohibited growth measurements on droplets of mass less than 

1000 mioromiorograms, because of their very short overall 

growth time. 

When the bypass of the flowmeter was used for runs 

at high humidities, the velocity of air flow was estimated 

to be between 30 and 40 cm. seo • No velocity effect was 

annarant in tha eomnsrison between tha data from these runs 
" •* * 

1 
and the theoretical curves. 

The observed absence of a ventilation effect agrees 

with the results obtained by Kinzer and Gunn (1951)*  They 

found that the rate of evaporation of drops falling at terminal 

velocities less than 1/2 meter per second was also predicted 

by a static diffusion equation. 

7    Growth under variable humidity conditions. 

Sow that the formulations derived in Seotion II 

have been shown to be valid, it is of int.?i eat to apply them 

to problems of meteorological significance.  The essential 

agreement between the foregoing development and that of Powell 

(1949) and Squires (1952), and the excellent treatment given 

by these authors for conditions prevailing within a cloud, 

preclude any great improvement by rediscussion of that phase 

of the problem.  However, an estimate of the size of droplets 
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in sub-oloud air would bo of use in understanding the role 

of aalt nuclei in rain formation and visibility. 

a 

; 

As an illustration of the use of the growth equa- 
i 

tion (20), the equation was applied to the arbitrary situation 

of a partiole rising at a steady rate from an atmosphere ap- 

proximating that near the sea surface in the trade-wind areas 

(T = 25*C, H » .65),  It is also assumed that the temperature 

falls 1 degree centigrade per 100 meters, corresponding to a 

dry adiabatic expansion.  Since the growth equation is prima- 

rily humidity dependent, and only slightly temperature depend- 

i ent, the initial temperature and humidity conditions are not 

critical, save in that the humidity be less than the solution 

point, H = .78.  The use of a dry adiabatic lapse rate makes 

the rate of rise nearly proportional to the time rate of change 

of humidity, which is the parameter utilized in equation (20). 

By use of the specified conditions, equation (20) 

becomes: 

frs* * -—5— In —-— (24) 
35     7wf> rt 

Upon choice of a suitable updraft (1 meter per second) and 

nucleus size, equation (24) may be integrated to yield growth 

ourves.  Because of the dependence of this equation upon indi- 

vidual nucleus sizes, and the temperature dependence of A, a 

crude method of integration was utilized to reduce the compu- 

tation time. After initially choosing reasonable values of 

scaled radius and humidity, a slope S^" was obtained by equa- 

tion (24).  This slope, when expressed in the form of finite 

i 
i 
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increments, provided new values of crand H, which in turn 

allowed the computation of a new slope.  Iteration of this 

prooess was used to oonstruot the ourves of Fig. 10,  The 

increments in 0"  and H were kept small enough so that a sec- 

After a sufficient number of curves at a 1 meter per second 

updraft had been obtained, ourves at other updrafts were 

obtained by a simple shift of variables in (24).  Identical 

growth curves will be obtained for two different particles 

rising at different rates if vi£ is the same in both cases. 
8 

For example, the growth curve of a 1000 micromicrogram par- 

ticle rising at 1 meter per second will be the same as that 

of a 2828 micromicrogram particle rising at 1/2 mater per 

second. 

Fig. 11 shows the droplet size attained by particles 

of the indicated masses at the saturation level (cloud base) 

following a steady rise at the indicated rates.  It is apparent 

that the rate of rise does not greatly affect the droplet size 

attained by the more numerous small particles.  Consequently, 

it is to be expected that most of the 1 meter per second ourves 

of Figs. 10 and 11 would apply under normal atmospheric con- 

ditions, even with erratic updrafts and variable initial con- 

ditions. 

The apparent growth of all particles of mass less 

than 50 micromicrograms to a radius of about 5 microns coin- 

cides with Howell's findings that very small nuclei generate 

a narrow spectrum of droplet sizes.  This is presumed to be 

ond approximation of any individual slope was unnecessary. 
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? 

caused by rapid growth of these particles to an extremely 

dilute droplet, the growth of which is thenceforth almost 

independent of the mass of the original nucleus. 
i 

In Fig. 11 a radius of 15 microns or more is 

attained by particles of mass greater than 400 micromicrograma, 

which are present in trade-wind regions in numbers comparable 

to raindrops (500 - 5000 per cubic meter, Woodcock, 1952). 
I 

These particles are of sufficient size to grow at an appreciable 
j 

rate by accretion of smaller droplets.  The accretional rate 

of growth, as estimated by Eoughton's (1950) curve, is approx- 

imately a tenth to a hundredth of the condensational rate for 

nuclei of the sizes indicated by Fig. 11.  However, the accre- 

tional rate rapidly increases, while the condensational rate 

decreases with increasing droplet size.  This would make it 

probable that condensational growth within the cloud layer 

is of secondary Importance to the process of accretional growth 

in the formation of raindrops upon salt nuclei. 
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APPENDIX I 

Table of Symbols and Constanta 

q * quantity of water vapor (gm) 

1 = quantity of heat (oal. J 

I «:•] * vapor density gradient (gm cm ) 

[at/l * temperature gradient (deg Kelvin cm" ) 

R* m radial distance (cm) 

k = heat conduction coefficient of moist air 
_1   -1 ,  -1 cal cm  sec  deg 

Op * specific heat of water at constant pressure 

(cal gm  deg" ) 

T, *    temperature of surrounding air (deg) 

T * temperature of droplet (deg) 

vapor density of surrounding air (gm cm ) 

vapor density of droplet at temperature of 
_3 

droplet (gm cm ) 

p, = vapor pressure of surrounding air (mm Hg) 

p =• vapor pressure of droplet of temperature of drop- 

let (mm Hg) 

p2 * vapor pressure of droplet at temperature of sur- 

rounding air (mm Hg) 

t = time (seconds) 

m * mass of droplet (gm) 

ma = mass of salt particle (gm) 

D - diffusion coefficient of water vapor in air 
2   -1 (cm  sec  } 
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a • Haas of water in droplat (gm) 

r * radius of droplat (om) 
_3 

A « density of solution comprising droplat (gm am ) 

L * latant haat of oondanaation of water vapor (oal gm ) 

R * gaa constant (oal mola dag" or om (mm Hg) mole  dag" ) 

M • mola weight of water (gm mole ) 

0" * soalad radius (om gm"1'^ or /•K/M'gn)"  ) 

X * soalad time (sao gm" '*  or sac (,A4*gm)"2'^) 

ap - vapor pressure lowering (mm Hg) 

H * fractional relative humidity 

p = saturation vapor pressure (mm Hg) 
o 

Of* * equilibrium scaled radius 

Tt 
s scaled time for growth from dry crystalline mass 

to droplet of saturated solution 

V = rate of rise of particle (meters sec  ) 

-..r.—V-: • •*» 
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Experimental data 

mg = 7,900/j^H grams average 

RUN 1 

RUN 2 

RUN 3 

RUN 4 

RUN 5 

RUN 6 

RH = .909 

d = 2r 
Ac 

33.6 
40.8 
45.6 

RH = .909 

40.8 
43.2 
45.4 
1 0- r 
*•?. O 

RH = .909 

40.8 
43.2 
45.4 
45.6 

RH = .909 

38.4 
43.2 
44.4 
45.6 

RH = .908 

38.4 
41.5 
43.7 
44.4 
45.6 

RH = .907 

38.4 
42.0 
44.4 
45.6 

/**•{/**/»•&* 

29.0°C 

.84 
1.03 
1.15 

T = 29.0°C 

t 
seo 

3 
9 

19 

1.03 5 
1.08 11 
1.14 22 
1.15 43 

T = 29.0°C 

1.03 7 
1.08 14 
1.14 25 
1.15 37 

T = 29.0°C 

0.97 5 
1.C8 11 
1.11 20 
1.15 29 

T = 29.0°C 

0.97 5 
1.04 12 
1.10 19 
1.11 25 
1.15 35 

T = 29.0°C 

0.97 5 
1.05 12 
1.11 20 
1.15 35 

V = 14.9 cm sec -1 

sec"l^fc/w- gmf* 

.0076 

.023 

.048 

V = 14.9 om sec 

.013 

.028 

.056 

.108 

V = 14.9 cm sec 

.018 

.035 

.063 

.096 

V = 12.1 cm sec 

.013 

.028 

.051 

.073 

V = 12.1 cm sec 

.013 

.030 

.048 
-063 
.088 

7 = 8.3 cm seo 

.013 

.030 

.051 

.088 

-1 

-1 

-1 

-1 

-1 

-: 

; 
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f 
i 

RUN 7 

RUN 8 

RUN 9 

RH = .907 T = 29.0°C V - 8. 3 cm sec"1 

d = 2r -£. t r 
38.9 
43.2 
45.1 
45.6 

0,98 
1.08 
1.13 
1.15 

6 
13 
20 
46 

.015 

.033 

.051 

.116 

RH = .903 T = 29.0°C V = 6.9 om sec"* 

38.4 
42.0 
43.2 
44.4 

0.97 
1.05 
1.08 
1.11 

5 
13 
25 
50 

.013 

.033 

.063 

.126 

RE = .905 T = 29,0°C V = 6.9 cai sec"* 

34.8 
41.3 
43.2 
44.4 

0.87 
1.04 
1.08 
1.11 

3 
10 
17 
26 

.0076 

.025 

.043 

.066 

m   =  16,600 JU/L   grams   average 

RUN 10 RH = .889 T = 23.6-23.7 

48.0 .94       6 
52.8 1.035     12 
54.7 1.070     20 
56.9 1.11      31 
57.4 1.125      46 
57.6 1.13      60 
57.6 1.13      94 
57.9 1.135    129 
58.1 1.14     161 

RUN 11 RH = .889 T = 23.7-23.8 

45.6 .90       6 
53.8 1.055     14 
55.5 1.09      26 
57.4 1.125     37 
57.6 1.13      44 
57.9 1.135     62 
58.1 1.14     100 

-1 

.0092 

.0185 

.031 

.048 

.071 

.092 

.145 

.199 

.25 

*C V = 26.0 cm sec"1 

.0092 

.022 

.040 

.057 

.068 

.095 

.154 
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I RUN 12 

BUN 13 

RUN 14 

RUN 15 

i 
RUN 16 

RH = .889- .890 T = ; 23. 8-23.9CC V = 23.5 cm sec"1 

d = 2r -2: t r 
40.8 .80 3 .0046 
52.8 1.035 13 .020 
55.2 1.08 21 .032 
57.6 1.13 35 .054 
57.6 1.13 47 .072 
57.9 1.135 70 .108 
57.9 1.135 94 .145 
57.6 1.13 142 .22 
57.6 1.13 171 .26 

RH = .890 T = 23. 9' "C    V = 23.5 cm see"* 

40.8 .80 3 .0046 
51.6 1.01 12 .0185 
54.7 1.07 21 .032 
55.2 1.08 33 .051 
56.5 1.11 64 .099 
57.1 1.12 vs .151 
57.6 1.13 140 .22 

RH = .890 T = 23. 9* >c   V = 21.1 cm sec-1 

43.2 .85 4 .0062 
53.5 1.05 15 .023 
55.5 1.09 23 .035 
57.4 1.125 33 .051 
57.6 1.13 41 .063 

RH = .890 T = 23 ,9°C    V = 17.9 cm sec"1 

44.5 .87 5 .0077 
52.8 1.035 15 .023 
55.2 1.08 21 .032 
56.2 1.10 34 .052 
57.1 1.12 45 .069 
57.6 1.13 57 .088 

RH = .891 T = 23 r 'C    V = 15.9 cm seo"1 
46.8 .92 5 .0077 
53.5 1.05 12 .0185 
56.5 1.11 22 .034 
57.6 1.13 35 .054 
58.4 1.14 45 .069 
58.8 1.15 73 .112 



> 

HUN 17 

RUN 18 

RUK 19 

RUN 20 

RH = .893 T = 23.8' »C    V = 11.9 om 8eo_1 

d = 2r <r t r 
48.0 .94 6 .0092 
53.3 1.045 13 .020 
57.1 1.12 22 .034 
57.9 1.135 32 .049 
58.8 1.15 48 .074 
59.0 1.155 59 .091 

RH = .961- .964 T = 22. 7°C  7 = 23.4 cm aeo 

43.2 .84 4 .0061 
59.3 1.15 15 .023 
62.9 1.23 21 .032 
65.3 1.27 28 .043 
67.2 1.31 38 .058 
71.0 1.39 56 .086 
72.0 1.41 66 .10 
75.4 1.47 96 .14 
76.4 1.49 135 .21 
76.8 1.50 176 .27 

RH = .957 T = 22.9- -23.0°C V = 23.1 cm see 

49.2 .96 5 .0076 
54.6 1.07 11 .017 
60.5 1.18 21 .032 
62.6 1.22 32 .049 
64.8 1.26 44 .067 
66.2 1.29 56 .086 
67.2 1.31 68 .10 
69.1 1.35 93 .14 
70.1 1.37 125 .19 
70.1 1.37 140 .21 
70.5 1.38 184 .28 

RH = .969- .971 T = 24. 5°C  V = 24.9 cm sec"^ 

45.6 .91 4 .0061 
55.2 1.08 10 .015 
60.5 1.18 17 .026 
64.8 1.26 26 .040 
68.6 1.34 33 .050 
72.0 1.40 61 .093 
74.0 1.45 80 .12 
75.6 1.48 102 .16 
76.9 1.50 125 .19 
77.3 1.51 154 .235 
78.0 1.52 184 .28 

-1 

i 
% 
'••'• 

• 

1 



RUN 21 

RUN 22 

RUN 23 

RUN 24 

RUN 25 

i 

RH = .963- .969 T= 24. 8-24.9°C 7 = 19.7 cm aeo" 

d = 2r o- t r 
54.0 1.05 10 .015 
62.4 1.22 22 .034 
65.8 1.28 33 .050 
69.2 1.35 47 .072 
72.0 1.40 66 .10 
73.6 1.44 84 .13 
76.0 1.49 113 .17 
78.5 1.53 170 .26 
79.2 1.55 184 .28 

RH = .962- .967 T = 25. 0°C  V = 13.6 cm seo"* 

48.0 .94 5 .0076 
59.0 1.15 16 .024 
64.4 1.26 29 .044 
67.9 1.32 46 .070 
70.8 1.38 60 .092 
73.2 1.43 72 .11 
74.5 1.46 85 .13 
78.0 1.52 117 .18 
79.2 1.55 130 .20 
79.5 1.55 153 .23 
81.6 1.59 179 .27 

RH = .853- .855 T = 24. 4°C  V = 23.0 cm aeo"1 

40.8 .80 5 .0077 
48.0 .94 12 .0185 
51.1 1.00 19 .029 
51.8 1.015 27 .042 
52.1 1.02 40 .062 

RH = .853 T = 24.4* 'C    7 = 23.0 cm 3eo"l 

38.4 .75 5 .0077 
48.5 .95 11 .0169 
50.6 .99 21 .032 
52.1 1.02 29 .045 

RH = .873 T = 25.2* >C    7 = 22.0 cm aec 

45.1 .89 6 .0092 
50.4 .99 15 .023 
52.8 1.035 24 .037 

I 



RUN 26 

RUN 27 

RUN 28 

RUN 29 

RUN 30 

RUN 31 

r; 
t 

i 

RH = , .875 T = 25. 2°C V = 21.9 cm 8eo"x 

d = 2r o~ t r 
40.8 .80 4 .0062 
50.4 .99 14 .022 
52.6 1.030 20 .031 
52.8 1.035 30 .046 

RH = .875 T = 25. 2°C 7 = 21.9 cm sec"* 

36.0 .71 3 .0046 
48.7 .955 9 .0138 
51.6 1.01 16 .025 
52.8 1.035 24 .037 
53.0 1.040 37 .057 

RH = .875 T = 25. ,2°C 7 = 21.9 om 860 

45.6 .90 6 .0092 
50.6 .99 14 .022 
52.8 1.035 24 .037 
53.0 1.040 34 .052 

RH = .913 T = 25. .1°C V = 21.9 cm sec"1 

43.2 .85 5 .0077 
51.6 1.01 12 .0185 
55.2 1.08 18 .028 
56.4 1.085 26 .040 
57.4 1.125 32 .049 
57.6 1.13 41 .063 
58.6 1.145 54 .083 

RH = .915- .916 T = ; 25.1 °C V = 22.0 om sec"* 

40.8 .80 3 .0046 
49.2 .965 8 .0123 
54.5 1.07 15 .023 
55.7 1.09 22 .034 
57.6 1.13 33 .051 
58.6 1.145 43 .066 
58.8 1.15 54 .083 

RH • .916 T = 25, .0 7 = 22.0 om 360~* 

39.6 .78 2 .0031 
52.8 1.035 6 . .0092 
55.2 1.08 18 .028 
57.4 1.125 26 .040 
57.6 1.13 38 .059 
58.1 1.14 46 .071 
58.8 1.15 60 .092 



RUN 32 

RUN  33 

RUN  34 

RH = .945 T = 25. ,0°C V = 21.5 om seo"1 

d = 2r (7- t -3L 
45.6 .90 4 .0062 
52.8 1.035 10 .0154 
57.6 1.13 17 .026 
60.0 1.175 24 .037 
61.9 1.21 33 .051 
62.9 1.23 42 .065 
64.6 1.27 54 .083 
65.3 1.28 72 .111 
65.8 1.29 93 .143 
66.0 1.30 103 .159 
66.7 1.31 144 .22 
66.2 1.30 163 .25 
66.7 1.31 206 .32 

RH = .943 T = 25. 0°C V = 21.5 cm sec"1 

47.3 .93 4 .0062 
55.2 1.08 11 .0169 
59.0 1.155 18 .028 
60.2 1.18 25 .039 
62.4 1.22 32 .049 
63.6 1.25 41 .063 
64.8 1.27 52 .080 
65.5 1.28 68 .105 
66.7 1.31 85 .131 
67.2 1.32 105 .162 

RH = .990 T = 25. 0°C 7 = 22.4 cm seo"1 

50.4 .99 5 .0008 
57.6 1.13 11 .017 
63.6 1.25 18 .028 
67.2 1.32 26 .040 
71.5 1.40 36 .055 
74.4 1.46 45 .069 
77.3 1.51 54 .083 
79.2 1.55 63 .097 
82.1 1.61 77 .118 
84.0 1.65 88 .135 
85.9 1.68 97 .15 
88.3 1.73 110 .17 
91.7 1.80 143 .22 
93.4 1.83 163 .25 
96.0 1.88 184 .28 
98.4 1.93 202 .31 

100.8 1.97 217 .33 
102.7 2.01 260 .40 

I 

t 



r 
i 
if- 

RUN 34 
(Contd.) 

RH = 

d = 2r 

.990 T = 25.0°C 

tV      t 

7 = 22.4 om sec-1 

r 
105.4 
107.8 
110.2 
111.6 
112.8 
115.2 
117.1 
118.8 
120.0 

2.07      292 
2.11     239 
2.16      385 
2.19     423 
2.21     442 
2.26     484 
2.30      529 
2.33      576 
2.35     610 

.45 

.52 

.59 

.65 

.68 

.745 

.81 

.89 

.94 

RUN 35 RH = .856- .857 T = 24.5-24.6°C 7 - 24.0 cm a 

40.8 
49.2 
50.4 
50.9 
51.6 

.80       4 

.965     12 

.99      17 
1.00 28 
1.01 41 

.0062 

.0185 

.026 

.043 

.063 

RUN 36 RH = .856 T = 24.6CC 7 = 24. 0 cm sec"1 

40.8 
48.5 
50.2 
51.6 

.80       3 

.95       9 

.985     16 
1.01      22 

.0046 

.014 

.025 

.034 

RUN 37 RH = .854- .855 T = 24.6-24. 7°C 7 = 24.0 cm a 

40.8 
50.2 
50.9 
51.6 

.80       3 

.985     11 
1.00 18 
1.01 26 

.0046 

.017 

.028 

.040 

RUN 38 RH = .839 T = 24.7°C 7 = 24.0 cm sec"1 

38.4 
48.0 
50.6 

.75       4 

.94       9 

.99      17 

.0062 

.014 

.026 

RUN 39 RH = .837 T = 24.7°C 7 = 24.0 cm aec 

40.8 
48.0 
50.2 
50.6 

.80       4 

.94      10 

.98      16 

.99      26 

.0062 

.015 

.025 

.040 

'f I 

I 

,-1 

-1 



I 
RUN 40 

RUN 41 

RUN 42 

RUN 43 

I RUN 4; 

RUN 44 

m 

RH = .836- .837    T =  24, .8 -24. 9°C V = 24.0 cm seo"1 

d -  2r a- t JL 
38.4 
46.8 
49.2 
50.4 
50.6 

.75 

.92 

.96 

.99 

.99 

4 
9 

14 
27 
37 

.0062 

.014 

.022 

.042 

.0570 

RH = .867 T =• 25.0* >C V = 24.0 cm sec"1 

43.2 
50.4 
51.6 
52.6 
52.8 
53.0 

.87 

.99 
1.01 
1.03 
1.35 
1.04 

6 
11 
17 
23 
33 
50 

.0092 

.017 

.026 

.035 

.051 

.077 

RH •" .869 T = 25. c« >c V = 24.0 cm sec"1 

42.0 
49.4 
52.6 
53.0 

.82 

.97 
1.03 
1.C4 

4 
10 
17 
32 

. 0062 

.015 

.026 

.049 

RH = .869 T = 25.0* >C V = 24.0 cm sec"1 

43.2 
50.4 
51.8 
52.8 
53.0 

.87 

.99 
1,02 
1.35 
1.04 

6 
13 
20 
30 
47 

.0092 

.020 

.031 

.046 

.072 

RH = .886 T = 25. oc 'C V = 24.1 cm sec"l 

43.2 
49.9 
52.6 
54.5 
55.2 

.87 

.98 
1.03 
1.07 
1.08 

4 
11 
17 
36 
52 

.0062 

.017 

.026 

.055 

.080 

RH =   , .885 T - 25. oc c V = 24.1  cm sec"1 

46.8 
52.1 
52.8 
54.7 
55.2 

.92 
1.02 
1.04 
1.07 
1.08 

6 
12 
17 
24 
33 

.0092 

.019 

.026 

.037 

.051 

\ 
1 

I 



n 

RUN 45 

RUN 46 

RUN 47 

RUN 48 

i RUN 49 

<•• 

I 

RH = . 886 T = 25.0°C    V = 24.1 cm sec~x 

d = 2r o- t JL 
46.8 .92 7 .011 
52.3 1.03 15 .023 
53.5 1.05 21 .032 
54.96 1.08 30 .046 
55.2 1.08 39 .060 

RH = , .904 T = 25.0°C    V = 24.0 cm sec 

42.0 .82 3 .0046 
51.6 1.01 10 .015 
54.7 1.07 18 .028 
55.9 1.10 27 .04. 
57.1 1,12 36 .055 
57.6 1.13 47 .072 

RH = .904 T = 25.0°C    V = 24.0 cm sec" 

45.4 .89 6 .0092 
52.3 1.03 12 .018 
54.7 1.07 20 .031 
55.7 1.09 28 .043 
57.1 1.12 37 .057 
57.4 1.12 51 .079 
57.6 1.13 62 .095 

RH = .904 T = 25.0°C    7 = 24.0 cm sec~x 

45.6 .89 6 .0092 
51.6 1.01 10 .015 
54.0 1.06 16 .025 
55.2 1.08 22 .034 
56.2 1.10 28 .043 
56.9 1.12 39 .060 
57.6 1.13 60 .092 

RH - .932- • 934 T = 25.1-25.2°C V = 23.8 cm s 

45.6 .89 6 .0092 
52.8 1.04 11 .017 
56.2 1.10 17 .026 
59.3 1.16 25 .039 
60.5 1.19 31 .048 
62.2 1.22 42 .065 
62.6 1.23 55 .085 
64.1 1.26 67 .103 
64.3 1.260 96 .148 
64.6 1.27 129 .198 

.-1 

i 
• 

! 

i 

i 
! 

i 



n 

RUN 50 

RUN 51 

RUN 52 

\i 

RH = .934 T = 25.2l »C    7 = 23.8 cm sec"1 

d = 2r J£_ t J5L 
40.8 .80 3 .0046 
51.6 1.01 9 .014 
55.7 1.09 15 .023 
57.6 1.13 22 .034 
61.2 1.20 32 .049 
62.4 1.22 42 .065 
63.6 1.25 53 .082 
6A.1 1.26 65 .10 
64.8 1.27 100 .15 

RH = .997- .999 T = 23. 5-23.6°C V = eat.30-40 

44.4 .87 5 .0077 
62.4 1.22 16 .025 
69.6 1.37 36 .055 
75.8 1.49 65 .10 
81.6 1.60 83 .13 
85.2 1.67 114 .18 
66.5 1.68 125 .19 
91.2 1.79 155 .24 
94.8 1.86 196 .30 
98.5 1.93 231 .36 

101 1.98 294 .45 
105 2.06 335 .52 
109 2.14 475 .73 
113 2.22 521 .80 
115 2.26 550 .85 
117 2.30 614 .94 
120 2.36 685 1.05 

RH = .978- .982 T = 19. ,6-20.1°C 7 = eat.30-40 

47 .92 5 .0070 
58 1.14 13 .020 
64 1.25 21 .032 
66 1.29 31 .048 
71 1.39 40 .062 
76 1.49 60 .092 
79 1.55 74 .11 
82 1.61 94 .14 
87 1.71 126 .19 
89 1.74 145 .22 
91 1.78 165 .25 
94 1.84 199 .31 
97 1.90 238 .38 
99 1.94 267 .41 

101 1.98 295 .45 

? 



RUN 52 RH = . .978- .982 T 
(Coned. ) 

d = 2r _£_ 
103 2.02 
106 2.08 
108 2.12 
110 2.16 
113 2.22 
115 2.25 
118 2.32 

RUN 53 RH * , .978- .982 T 

48.0 .94 
57.6 1.13 
64.4 1.26 
66.0 1.29 
74.2 1.45 
76.9 1.51 
81.5 1.60 
83.6 1.64 
86.5 1.70 
88.9 1.74 
91.2 1.79 
93.6 1.83 
96.0 1.88 

19.6-20.1°C 7 = eat.30-40 cm see"! 

348 .54 
412 .63 
467 .72 
521 .80 
582 .90 
667 1.03 
745 1.15 

-20.9°C V = 26 

6 .0092 
15 .023 
24 .037 
30 .046 
55 .085 
70 .11 
95 .15 
107 .16 
138 .21 
163 .25 
183 .28 
246 .38 
307 .47 

RUN 54 

RUN 55 

RUN 56 

RUN 57 

m = 910 ,*/*• grams average 

RH = .898    T = 25.0° C   V = est. 30-40 cm sec"1 

19.9 
21.6 

1.02 
1.11 

RH = .898 T = 

21.6 1.11 

RH = .898 T = 

21.6 1.11 

RH = .938 T = 

23.0 
24.5 
24.7 

1.17 
1.26 
1.27 

5 
16 

.053 

.170 

5.0°C V =  est.30-40 cm sec"1 

4 .043 

5.0°C 7 = est. 30-40 cm sec"1 

6 .064 

T =  25.4-25.5°C    V =   est.30-40 cm sec"1 

5 
14 
23 

.053 

.149 

.244 

! 



n 

RUN 58 

RUN 59 

RUN 60 

RH = .959 

d = 2r 

22.8 
27.6 
28.6 
29.3 
29.6 
30.0 

T = 26.0-26.1°C V ~  o3t.30-40 cm seo 

d- t r 

-l 

1.17 
1.41 
1.48 
1.50 
1.52 
1.54 

4 
12 
23 
35 
51 
84 

.043 

.128 

.244 

.372 

.54 

.89 

RH = .957-.959 T = 26.1°C V = est.30-40 cm sec -1 

21.6 
27.6 
28.8 
29.3 
30.0 

1.11 
1.41 
1.48 
1.50 
1.54 

3 
12 
29 
37 
59 

.032 

.128 

.308 

.394 

.63 

RH = .980-.982 T = 26.6rC V -  eat.30-40 cm see"1 

22.8 
28.8 
31.2 
32.9 
33.6 
34.8 
35.8 
36.0 

1.17 
1.48 
1.60 
1.68 
1.72 
1.78 
1.84 
1.85 

3 
11 
21 
30 
40 
56 
72 

102 

.032 

.117 

.224 

.320 

.425 

.595 

.765 
1.08 
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